Introduction: α7 nicotinic acetylcholine receptors (nAChRs) play an important role in vagus nervebased cholinergic anti-inflammatory effects. This study was designed to assess the role of α7 nAChRs in dextran sodium sulfate (DSS)-induced colitis in male and female mouse. We first compared disease activity and pathogenesis of colitis in α7 knockout and wild-type mice. We then evaluated the effect of several α7 direct and indirect agonists on the severity of disease in the DSS-induced colitis. Methods: Male and female adult mice were administered 2.5% DSS solution freely in the drinking water for 7 consecutive days and the colitis severity (disease activity index) was evaluated as well as colon length, colon histology, and levels of tumor necrosis factor-alpha colonic levels. Results: Male, but not female, α7 knockout mice displayed a significantly increased colitis severity and higher tumor necrosis factor-alpha levels as compared with their littermate wild-type mice. Moreover, pretreatment with selective α7 ligands PHA-543613, choline, and PNU-120596 decreased colitis severity in male but not female mice. The anti-colitis effects of these α7 compounds dissipated when administered at higher doses. Conclusions: Our results suggest the presence of a α7-dependent anti-colitis endogenous tone in male mice. Finally, our results show for the first time that female mice are less sensitive to the anticolitis activity of α7 agonists. Ovarian hormones may play a key role in the sex difference effect of α7 nAChRs modulation of colitis in the mouse. Implications: Our collective results suggest that targeting α7 nAChRs could represent a viable therapeutic approach for intestinal inflammation diseases such as ulcerative colitis with the consideration of sex differences.
Introduction
Ulcerative colitis (UC) is an idiopathic, chronic, autoimmune disease characterized by mucosal inflammation that affects primarily the colon and the rectum. 1 Various studies have shown that cigarette smoking has beneficial effects on UC. 2, 3 In addition, the use of nicotine patches and enemas has yielded positive results on disease symptomology of UC in some clinical studies 4 and in experimental animal models of colitis. Nicotine also has been shown to be effective after oral administration in the treatment of intestinal inflammation. 5, 6 Results of in vivo and in vitro studies have suggested that α7 nicotinic acetylcholine receptors (nAChRs) mediate the anti-inflammatory effects of nicotine. [7] [8] [9] The α7 subtype is a well-characterized nAChR subunit that exhibits distinct physiological and pharmacological profiles relative to other nAChR subtypes. It is characterized by high calcium permeability, 10 homopentameric structure, and is present in the central and peripheral nervous systems. 11, 12 Several types of immune cells have been reported to express α7 nAChR mRNA. [13] [14] [15] These receptors are expressed also in the enteric nervous system, particularly in the enteric plexuses. 12, 16 Recent studies have shown that α7 nAChRs can regulate inflammation primarily through the vagus nerve acting as an endogenous "cholinergic (nicotinic) anti-inflammatory pathway." This pathway ameliorates inflammation by regulating the production of proinflammatory cytokines mainly through activation of α7 nAChRs on macrophages. 7, 8, [17] [18] [19] In that regard, vagus nerve activation attenuates intestinal inflammation via α7 nicotinic receptors in animal models of postoperative ileus and experimental colitis. 6, 8, 17, 20 Furthermore, Abdrakhmanova et al. 21 showed that activation of α7 nAChRs was critical in suppressing hyperexcitability of inflamed colonic sensory neurons from dextran sodium sulfate (DSS)-treated mice.
In view of this evidence for a functionally relevant role of α7 nAChRs in modulating inflammation, it was proposed that α7 nAChR agonists would be effective in animal models of colonic inflammation. However, Snoek et al. 22 reported recently that although selective α7 nAChR agonists reduce the increase in cytokine in vitro, in whole blood and macrophage cultures, they failed in DSS-induced colitis or were ineffective in those of trinitrobenzene sulphonic acid-induced colitis in female mice. These results prompted us to reevaluate the role of α7 nAChR in colonic inflammation in mice using multiple approaches. We first assessed the involvement of an endogenous α7 nicotinic mechanism in the development of colitis using α7 knockout (KO) mice in the DSS model. We then tested the effects of α7 nAChR activation on colitis using selective α7 full agonists including PHA-543613 given systemically, 23 and choline given orally. 24, 25 We also evaluated the effects of PNU-120596, a type II α7 nAChRs positive allosteric modulator (PAM), in the DSS model. This PAM was used since, in principle, it can enhance endogenous α7 nAChR functions without altering the temporal integrity of transmission or interacting directly with the α7 nAChR binding site. This functional attribute would allow for enhancement of a potential endogenous α7-mediated anti-inflammatory tone activated in the colitis model. These collective studies were conducted in male and female mice to address for sex differences in the role of α7 nAChRs in regulating colonic inflammation in the mouse.
Materials and Methods

Animals
Male and female C57BL/6J and α7 KO mice were purchased from Jackson Laboratories (Bar Harbor, ME Assessment of the Severity of Colitis: Disease Activity Index
Disease activity index (DAI) was based on the combined score of four clinical parameters as described in our previous study, 3 including (1) body weight loss, (2) stool consistency, (3) rectal irritation, and (4) blood in the stool. Scores were defined as follows: for body weight change as a percentage: 0, no loss; 1, 5%-10%; 2, 10%-15%; 3, 15%-20%; and 4, 20% weight loss. In our study, there were no differences observed between the WT and KO water-treated animals; therefore, we combined these two groups in the body weight change and in the colon length. For assessment of irritation around the anal area: 0, normal; 1, mild irritation; 2, moderate irritation; and 3, severe irritation; for stool: 0, normal; 1, mild loose stool; 2, moderate loose stool; and 3, diarrhea; and for bleeding: 0, no blood; 1, presence of blood (Hemoccult II positive; Beckman Coulter, Fullerton, CA); and 2, gross blood. DAI symptoms were recorded in a blinded fashion to the animal treatments and genotypes and were performed at the same time every day and scored from days 0 to 8. Total disease activity score ranged from 0 to 12. On day 8, after replacing the DSS with water, mice were sacrificed, the abdominal cavity opened, and the entire colon immediately removed and its length (cm) measured. To assess for change in disease activity over time, results were expressed also as mean ± SEM of area under the curve from days 1 to 8.
Assessment of Colonic Histology
Seven days after the beginning of the DSS treatment, the mice of each group were sacrificed and the entire colons were removed and kept for histology assessment and tumor necrosis factor-alpha (TNF-α) levels measurement. Formalin-fixed colon segments were paraffinembedded and 3-μm sections were stained with hematoxylin-eosin. Colonic damage was scored in a blinded fashion based on a published scoring system that considers architectural derangements, epithelium changes, goblet cell depletion, ulceration, and degree of inflammatory cell infiltrate. 28 The histological scoring system was used to evaluate the degree of colitis. The total histological score ranged from 0 to 12, which represented the sum of scores from 0 to 3 (0 = none, 1 = 0%-5%, 2 = 5%-10%, 3 = >10%) for loss of epithelium, (0 = none, 1 = 0%-10%, 2 = 10%-20%, 3 = >20%) for crypt damage, and (0 = none, 1 = mild, 2 = moderate, and 3 = severe) for each of depletion of goblet cells and infiltration of inflammatory cells. Each section was scored for each feature as the product of the grade for that feature and the percentage involvement in the loss of epithelium and crypt damage features (in a range from 0 to 3 for each feature). The number of inflammatory cells infiltrated in 10 randomly selected power fields (×40) was counted and the number per 10 fields was calculated. Score analyses were done in a blind manner. The histological colitis score of individual mice was represented as the sum of the different histological subscores. Light microscope images were acquired with an Axioscope AX10 microscope and Axioviosion 4.6 software (Carl Zeiss, Inc).
Colonic TNF-α Levels
The colonic tissue was homogenized in 1 mL of Tris-HCl buffer containing protease inhibitors (Sigma-Aldrich, Inc). Samples then were centrifuged (1811g, Relative Centrifugal Force) for 5 minutes at a temperature of 4°C, and the supernatant was frozen at −80°C until assay. The protein concentration was determined by the Bradford assay. 29 TNF-α levels were determined using an enzyme-linked immunosorbent assay commercial kit (Quantikine M murine; R&D Systems, Minneapolis, MN).
Statistical Analysis
Statistical analysis of all studies was performed with ANOVA. Twoway repeated-measures ANOVAs were used at the different timepoints, three-way ANOVA for genotype × treatment × timepoint when appropriate. Significant overall ANOVAs were followed by Tukey's test post hoc test when appropriate. All differences were considered significant at *p < .05. The GraphPad Prism program was used for data manipulations, graphical representations, and statistical analysis (GraphPad Software, Inc, San Diego, CA).
Results
DSS-Induced Colitis in α7 KO Male Mice
In this experiment, we assessed the development of clinical parameters during DSS treatment in mice lacking α7 nicotinic receptors (ie, KO) and their littermates' WT. α7 KO male mice treated with 2.5% DSS displayed a significant increase in inflammation based on DAI value starting from day 5 until day 8 of the experiment (t(8) = 2.85, p = .0213) ( Figure 1A ) and in the total value of the area under the curve of DAI (t(9) = 5.788, p = .003) ( Figure 1B ) compared with the WT DSS-treated mice. Both α7 KO and WT DSS-treated male mice displayed a significant loss of body weight, especially α7 KO as compared with the control water-treated mice ( Figure 1C ). The decrease in the colon length was significantly different between α7 KO and WT DSS-treated male mice, even more significant when the α7 KO group was compared against a water-treated control group (F(2, 19) = 117.6, p < .0001) ( Figure 1D ). To assess for the extent of inflammation in the colon, we evaluated the histological damage score and TNF-α colonic levels. α7 KO mice treated with DSS showed a significant increase in colonic total histological damage score versus the WT DSS and the water-treated control groups (F(2, 47) = 39.24, p < .001) (Supplementary Figure 2A) . The histological appearance of the colon after 7 days of DSS treatment in the WT mice was characterized by multifocal changes in the crypts and some areas showed focal lesions, depletion of goblet cells and inflammatory cell infiltrates that included neutrophils and lymphocytes; however, these changes with epithelial destruction (shortening of the crypts, inflammatory cell infiltrates, extensive ulceration) in the mucosa and submucosal tissues were more severe in colons in the α7 KO DSS-treated mice (Supplementary Figure 3A) . α7 KO and WT water-treated mice did not show any colonic histological damage (data not shown). Similar to the clinical parameters and histological damage, the α7 KO DSS-mice showed significant elevated colonic TNF-α levels, approximately one-fold increase compared to WT DSS-treated mice (F(2, 39) = 32.64, p < .001) ( Figure 1E ).
Effect of α7 nAChR Agonists and PAM in DSS Colitis Model in Male Mice
Effect of PHA-543613 on DSS-Induced Colitis Model
We first tested the impact of the selective α7 full agonist PHA-543613 on DSS-induced colitis in the mouse after systemic administration of the drug at doses reported to possess anti-inflammatory properties. 30 At a low dose of 2 mg/kg PHA-543613 did not affect clinical parameters of colitis severity significantly (Figure 2A ) or colon length ( Figure 2C ). However, administration of a higher dose of 8 mg/kg resulted in a significant decrease in DAI scores on day 6, 7, and 8 compared with the DSS-treated group (F(2, 16) = 4.051, p = .0377) (Figure 2A) , as well as in the area under the curve value of DAI (F(3, 30) = 5.403, p = 0.0043) ( Figure 2B ). In addition, at this dose, PHA-543613 was able to prevent the shortening of the colon length of DSS-treated group (F(3, 19) = 7.495, p = .0017) ( Figure 2C ). As the dose of PHA-543613 increased to 20 mg/kg, the beneficial effect of the drug on disease activity and the colon length induced by DSS was lost. PHA-543613 at doses of 8 and 20 mg/kg had no effect on colonic TNF-α levels ( Figure 2D ). Similar to the DAI scores, PHA-543613 reduced the total histological damage score at the dose of 8 mg/kg only (Supplementary Figure 2B) . Supplementary Figure 3B shows the histological appearance of colon sections with hematoxylin-eosin stain after vehicle and PHA-543613 treatment in DSS-treated mice. The DSS-treated animals exhibited ulceration of the mucosa with destruction where the inflammation was mainly in the mucosa, more shortening of the crypts than the PHA-54361-treated mice.
Effect of Choline Treatment on DSS-Induced Colitis Model in Male Mice
Similar to PHA-543613, the choline dose-response curve indicative of reduction of the severity of DAI in DSS-treated mice was narrow. While a low dose of oral choline treatment (10 μg/mL) has no observable effect on the severity of clinical parameters ( Figure 3A) and shortening of the colon length ( Figure 3C ), a higher dose of 40 μg/mL resulted in significantly decreased DAI values on day 7 and 8 compared with the DSS-treated group (F(3, 24) = 4.818, p = .0092) ( Figure 3A) , and in the area under the curve of DAI as well (F(3, 23) = 3.15, p = 0.044) ( Figure 3B ). In addition, administration of that dose resulted in the prevention of the shortening of the colon length of DSS-treated group (F(3, 20) = 7.812, p = .0012). However, that effect was lost upon administration of the high dose of choline (80 μg/mL) ( Figure 3C ). Administration of both doses (40 and 80 μg/mL) of choline had no significant effect on the increase in colonic TNF-α levels in DSS-treated mice ( Figure 3D) .
Choline treatment at 40 and 80 μg/mL resulted in a significant decrease in the total histological damage score of the colon compared with the vehicle DSS-treated group (F(2, 97) = 11.43, p < .001) (Supplementary Figure 2C) . Supplementary Figure 3C shows the histological appearance of colon sections stained with hematoxylineosin after oral choline treatment at 40 and 80 µg/mL in DSS-treated mice. While the DSS-treated animals showed extensive ulceration of the mucosa with destruction, and inflammatory cell infiltrates; the choline-treated groups showed normal epithelial architectures at both doses of the drug (Supplementary Figure 3C) . 
Effect of α7 nAChR PAM in DSS Colitis Model
A similar profile of activity in the DSS-treated male mice was observed with the α7 PAM, PNU-120596. At a low dose of 1 mg/ kg, it had neither an effect on DAI scores, or on the colonic inflammation on the basis of measurement of colonic TNF-α levels. Similar findings were obtained at a higher dose of 6 mg/kg of PNU-120596 (Supplementary Figure 1) . However, at a dose of 3 mg/kg, PNU-120596 administration resulted in a significant decrease of DAI values on day 5, 6, 7, and 8 compared with the DSS-treated group (F(3, 24) = 8.01, p = .0007) (Supplementary Figure 1A) . Additionally, when administered at this dose, a significant reduction in the area under the curve of DAI score was observed as compared with the vehicle DSS-treated mice (F(3, 18) = 3.341, p = .0425) (Supplementary Figure 1B) . None of the PNU-120596 doses were able to prevent the shortening of the colon length of vehicle DSStreated group (Supplementary Figure 1C) or prevent the increase in colonic TNF-α levels (Supplementary Figure 1D) .
PNU-120596 treatment at 3 mg/kg resulted in a significant decrease in the total histological damage score (F(2, 67) = 3.88, p = .0254) (Supplementary Figure 2D) . Supplementary Figure 3D shows a histological appearance of the colon sections stained with hematoxylin-eosin after PNU-120596 treatment in mice with DSS. The DSS-treated animals showed extensive ulceration of the mucosa with destruction associated in areas where inflammation was mainly in the mucosa and submucosa, with more inflammatory cell infiltrates. The administration of PNU-120596 at a dose of 3 mg/kg was able to maintain the epithelial architecture of the crypts and the number of goblet cells. Less inflammatory cell infiltrate was observed in the DSS mice when compared with the DSS-treated mice not subjected to treatment.
DSS and α7 nAChRs Studies in Female Mice
DSS-Induced Colitis Model in α7 KO and WT Female Mice
Contrary to male mice, female α7 KO DSS-treated mice did not show any significant difference compared to α7 WT in terms of the clinical signs of colitis disease activity (t(5) = 0.4416, p > .05) ( Figure 4A ). In addition, there was no significant difference between α7 KO and WT in the decrease in the colon length DSS-treated mice (t(5) = 0.6494, p > .05) ( Figure 4B ).
Effect of Choline Treatment in Female DSS-Treated Mice
In contrast to male mice, oral choline treatment at various doses (10, 40, 80 , and 120 μg/mL) failed to reduce significantly the severity of DAI in female DSS-treated colitis mice (F(4, 40) = 0.1077, p = .9792) ( Figure 4C) , and the shortening of the colon length (F(4, 22) = 1.327, p = .2911) ( Figure 4D ). As shown in Figure 4D , while oral administration of choline chloride at 40 μg/mL, an active dose in male mice, did not display an anti-colitis effect as measured by the DAI score ( Figure 4C ) and colon length in the DSS-treated mice ( Figure 4D ).
Discussion
In the present study, we evaluated the role of α7 nAChRs in the mouse DSS colitis model using genetic and pharmacological approaches. Our results show that α7 KO male, but not female mice, developed more severe colitis and had higher clinical colitis scores and colonic inflammation markers induced by 2.5% DSS. In addition, treatment with the selective α7 full agonists (PHA-543613 and choline) and PAM of α7 nAChRs (PNU-120596) resulted in a reduction of the severity of disease in C57BL/6J male mice. However, choline was ineffective in reducing clinical outcomes for DSS-induced colitis in C57BL/6J female mice.
Numerous studies have shown that nicotine, a nonselective agonist for nAChRs, reduces the clinical signs of colitis in experimental rodent models 5, 6, 31 and also in human UC. 32, 33 Furthermore, the cholinergic anti-inflammatory pathway through α7 nAChRs has been regarded as a target for colitis 6, 20 and acetylcholine (ACh), the major neurotransmitter vagus nerve, stimulates α7 nAChRs to inhibit the cytokine release in immune cells. 7 We therefore hypothesized that α7 nAChRs deficiency would aggravate the inflammatory signs of colitis in the mouse. Indeed, colitis symptoms, such as DAI and colon length, histological damage, and TNF-α colonic levels were exacerbated in the absence of α7 nAChRs in the KO mouse. Of interest is the increase in TNF-α colonic levels in these mice. Indeed, TNF-α is an early pro-inflammatory mediator that plays an important role in immuno-inflammatory responses and in the pathogenesis of UC. 34 Our results are consistent with recent data obtained through the use of various animal models of inflammation that point toward the α7 nAChR subtypes as important players in cholinergic modulation of inflammation. 7, 8, 19 Our findings are also in agreement with those of Ghia et al. 9 study that showed that vagotomized mice treated with 5% DSS for 5 days induced an exaggeration of colitis severity including histological damage score, pro-inflammatory cytokine, IL-1β colonic levels and MPO activity when compared with sham-operated mice.
Our results with α7 KO mice suggested the presence of an α7-dependent anti-colitis mode of action in male mice. We therefore investigated if activation of α7 nAChRs would reduce DSSinduced colon inflammation in the mouse. Using pharmacological approaches, we tested two α7 nAChR agonists and a PAM (PHA-543613, choline, and PNU-120596, respectively) in the mouse colitis model. All were effective in reversing the clinical parameters of colitis and shortening of the colon induced by DSS in C57BL/6J male mice. However, the anti-inflammatory effects of all of these α7 nAChR ligands occurred at narrow dose ranges characterized with U-shape dose-response relationships. This profile of low, subthreshold doses being ineffective but high doses resulting in no effect might be related to differences in the regulation of α7 nAChRs (activation/ desensitization and/or recruitment of various receptor conformations) in the colitis model by these ligands. A similar profile was reported recently by our group with PHA-543613 in the mouse formalin test. 30 It is possible also that receptor efficacy plays an important role in the anti-inflammatory effectiveness of α7 nAChRs agonists. Interestingly, GTS-21, a partial α7 nAChR agonist, significantly suppressed the severity of colitis induced by 3% DSS in male mice. 31 However, GTS-21 was only tested at the dose of 10 mg/ kg. This narrow U-shaped dose-effect curve was not seen with α7 nAChRs agonists and PAMs in animal models of cognition, acute inflammation and pain. [35] [36] [37] Thus, this phenomenon may be unique to experimental colitis in mice.
The α7 full agonist choline also is a precursor of ACh, 24,38 which interacts with α7 nAChRs on immune cells. Hence, choline may induce its anti-inflammatory effects via enhancing ACh through vagal modulation of colitis. The amelioration of colitis by PNU-120596, a type II α7 nAChR PAM, suggests the presence of a pro-"anticolitis" endogenous tone mediated by α7 nAChRs. Generally, PAMs are compounds that facilitate endogenous neurotransmission and/or enhance the efficacy and potency of agonists without directly stimulating the agonist binding sites. PNU-120596 may be acting in the DSS model through the enhancement of subthreshold concentrations of endogenous α7 agonists, choline and/or ACh. 39 Studies also have suggested that the beneficial effects of nicotine on DSS-induced colitis are related to α7 nAChRs. For example, pretreatment with nicotine attenuated the deleterious effect of vagotomy in male mice with DSS-induced colitis. 9 More recently, it has been reported that the expression of α7 nAChR mRNA in colonic CD4 T cells of DSStreated mice is increased compared to normal mice. 31 In addition, the same group showed that nicotine's inhibition of the acute colitis and colitis-associated tumorigenesis in DSS-treated mice is mediated by the activation of α7 nAChRs on immune cells in the colon since the α7 antagonist methyllycaconitine blocked these effects. 31 Moreover, GTS-21, a partial α7 nAChR agonist, ameliorated the severity of colitis induced by DSS in male mice. 31 While α7 nAChRs ligands in our studies were protective in DSS-induced colitis in mice based on clinical parameters and histologic features, they were not able to decrease the changes in colonic TNF-α levels, one of key regulators of inflammatory responses. While this lack of effect on this cytokine is surprising, we did not evaluate the effects of α7 nAChRs ligands on other cytokines such as IL-6 for which production has been reported to be is increased in the DSS-induced colitis model. 40, 41 Our results, as well as those of others, 9, 31 are not in line with those reported recently by Snoek et al. 22 In their study, two selective α7 nAChR agonists, AR-R17779 and GSK1345038A, while reducing cytokine production in vitro, were shown to worsen the effects of DSS-induced colitis at low doses. However, at highest doses of these α7 nAChR agonists they elicited ameliorated clinical parameters without affecting colonic inflammation. 22 There are potential explanations for the differential results reported in our study versus that of Snoek et al. 22 The route of administration does not seem to play a major role since the protective effects in the DSS model in our study and others were seen with α7 nAChR agonists after both systemic (via s.c. and i.p.) and oral (via drinking water) routes of administration. The efficacy at α7 nAChRs of the agonists used in the treatment could be a possible differential factor. While no information on the pharmacological profile at nAChRs was available for GSK1345038A, AR-R17779 is a selective with high efficacy (approximately 70% efficacy) α7 nAChR agonist. 42 Both of α7 nAChR agonists used in our study are full α7 nAChR agonists. The only apparent difference between our study and that of Snoek et al. 22 was the use of female mice. In view of this distinction, we evaluated the role of α7 nAChRs in mouse DSS colitis model using α7 KO female mice. In contrast to male mice, female α7 KO mice showed similar disease activity to WT female mice. In addition, choline treatment failed to reduce colitis symptoms in female mice at any of the doses tested. It is possible that plasma and local concentrations of choline could account for the differential anti-colitis response of male and female mice to choline. Furthermore, sex differences in α7 nAChRs pharmacology may be mediated by differences in regulation of α7 nAChRs function in the enteric nervous system. Indeed, these sex differences may reflect a modulatory role of female sex hormones on α7 nAChRs-mediated pharmacology. For example, progesterone and 17β-estradiol have been reported to be functional blockers of several nicotinic receptors including α7 nAChRs. 10, 30 In conclusion, in the DSS colitis model, we found that α7 nAChR signaling may, at least in part, play a role in protection against development of colitis in mice. α7 nAChR agonists and PAM ameliorated the clinical features of the DSS colitis disease in a dose-and sexdependent fashion. Our collective results suggest that targeting α7 nAChRs could represent a viable therapeutic approach for intestinal inflammation diseases such as UC.
